In this study, we investigated the immune responses against Mycobacterium gordonae in ginbuna crucian carp. Cumulative mortality of ginbuna injected with 2.0 × 10 7 CFU of M. gordonae was 50% at 170 days post-infection. CD4-1, CD8α, T-bet and IFNγ2 gene expression levels were significantly upregulated in ginbuna injected with 1.9 × 10 8 CFU of M. gordonae at 21 and 28 days post-infection. The CD4-2 level did not change during the experiment. Granulomatous responses consisted of central macrophage accumulation and surrounding lymphocytes, and Ziehl-Neelsen-positive bacteria were observed in the trunk kidney of the challenged fish. Immunohistochemistry using anti-ginbuna IFNγs and anti-ginbuna CD4-1 polyclonal antibody revealed that the marginal lymphocytes were positive for CD4-1, and the IFNγ-producing cells surrounded the mycobacterial cellladen phagocytes. These results suggest that CD4-1 + cells and IFNγ2 play important roles in the granulomatous inflammation against Mycobacterial infections in teleosts.
Introduction
Mycobacteriosis causes severe economic losses to fish production in the aquacultural industry worldwide. To date, more than ten mycobacterial species have been reported to affect cultured, ornamental, and wild fish (Gauthier and Rhodes, 2009) . Mycobacterium gordonae has been isolated from apparently healthy ornamental fish, such as goldfish (Carassius auratus auratus), guppies (Poecilia reticulata), freshwater angelfish (Pterophyllum scalare), and Cockatoo cichlids (Apistogramma cacatuoides), in aquaria (Pate et al., 2005; Novotny et al., 2010) . Heavy mortalities caused by M. gordonae infections have also been observed on many fish farms for giant gourami (Osphronemus gourami) and guppies in southeast Asian countries (Dana et al., 1996; Areechon et al., 2001; Sakai et al., 2005) . The affected guppies showed inappetence, sluggish swimming, fin erosion, and skin ulceration, with granulomas often observed in their livers, intestinal connective tissue, and dermal and subdermal tissues (Areechon et al., 2001) . Similar granulomas have also been found in other fish species infected with M. gordonae (Novotny et al., 2010) .
Mycobacteria are Gram-positive, aerobic, acid-fast, and non-motile bacteria that are capable of intracellular parasitism. Pathogenic mycobacteria can survive within the hostile environment of the macrophages, and these mechanisms are well-studied in M. tuberculosis (Pieters, 2008) . Mycobacteria can avoid initial phagosomal degradation by producing catalases, peroxidases, and superoxide dismutases that eliminate oxygen radicals (Bartos et al., 2004) . In addition, they can survive macrophages by secreting protein kinase G out of the phagosome to inhibit phagosome-lysosome fusion (Nguyen and Pieters, 2005) . The infected macrophages are surrounded by CD4 + T cells, CD8 + T cells, B cells, macrophages, neutrophils, and fibroblasts, resulting in a granuloma, the typical structure of mycobacteriosis (Co et al., 2004) . In mammals, CD4 + T cells play critical roles in initiating, constructing, and maintaining the granuloma. Mice that are genetically deficient in CD4 + T cells form aberrant lesions that cannot control the mycobacteria (Saunders et al., 2002) , and the depletion of CD4 + T cells during a persistent infection reactivates the mycobacteriosis (Scanga et al., 2000) . Interferon-γ (IFNγ), produced by CD4 + T cells, is an important cytokine for forming granulomas and killing bacteria. Complete deficiency of the IFNγ receptor is associated with poor granuloma formation (Ottenhoff et al., 2005) . IFNγ upregulates more than 200 genes to produce antimicrobial molecules, such as oxygen free radicals and nitric oxide, resulting in mycobacterial death in the intracellular environment (Cavalcanti et al., 2012 and transmission in mammals. However, recent publications suggest that the granulomas are part of the strategy of mycobacterial persistence and person-to-person transmission (Shaler et al., 2013.) In teleosts, granuloma formation against M. marinum has been studied in zebrafish (Danio rerio) as a non-mammalian tuberculosis model. M. marinum infection induces macrophage aggregates with pathological hallmarks of granulomas and activates granuloma-specific Mycobacterial genes, even in zebrafish embryos that do not yet have lymphocytes (Davis et al., 2002) . Fibrous and necrotic granulomas containing macrophages, neutrophils, dendritic cells, T cells, B cells, and epithelial cells were observed in adult zebrafish infected with M. marinum (Swaim et al., 2006) .
Unlike mammals, teleosts possess two divergent forms of CD4: CD4-1 containing four Ig-like domains and CD4-2 containing two Ig-like domains (Suetake et al., 2004; Laing et al., 2006; Dijkstra et al., 2006) . In ginbuna crucian carp, CD4-1 + cells paly a helper role in a secondary antibody response against virus infection (Somamoto et al., 2014) . However, there are few functional studies of CD4-1+ and CD4-2+ T cells in teleosts, so that the roles of CD4-1 + and CD4-2 + cells in the immune response against Mycobacterium remains unclear. In addition, fish possess two IFNγ genes: IFNγ and the fish-specific isoform, IFNγrel (Zou et al., 2004 (Zou et al., , 2005 Igawa et al., 2006; Stolte et al., 2008; Chen et al., 2010; Grayfer et al., 2010) . IFNγ and IFNγrel bind to different receptor complexes (Aggad et al., 2010) and regulate different signaling pathways in zebrafish (Ruan et al., 2017) . Shibasaki et al. (2014) demonstrated high antiviral activities of IFNγrel against the crucian carp hematopoietic necrosis virus in ginbuna crucian carp (C. auratus langsdorfii). Additionally, IFNγ is suggested to play important roles in antimycobacterial immunity because its gene expression level was upregulated during delayed-type hypersensitivity in Japanese flounder vaccinated with the bacillus Calmette-Guérin (BCG) vaccine (Kato et al., 2010 (Kato et al., , 2012 . Recently, we isolated M. gordonae from diseased koi carp (Cyprinus carpio) from a culture pond in Niigata, Japan. We then investigated the pathogenicity of the M. gordonae isolates as well as pathological changes in the challenged fish and host immune responses against the bacteria using an isogenic ginbuna crucian carp (C. auratus langsdorfii) as a model fish species. Here, we show that the M. gordonae infection induced granulomatous inflammation, and IFNγs were actively produced at the inflammatory sites in the infected ginbuna.
Materials and methods

Fish rearing condition
Isogenic clones of the ginbuna crucian carp, Carassius auratus langsdorfii (OB1 clone), from Okushiri Island (Toda et al., 2009 ) were used in this study. The average fish body weighed 1.8 g. Fish were reared in a 400-L tank with a circulation system and a water temperature of 25°C. Fish were fed commercial pellets daily. Apparently healthy fish were used in the following experiments.
Bacterial propagation
Mycobacterium gordonae strains Y-1 and Y-2 were isolated from diseased koi carp (Cyprinus carpio) at Niigata Inland Fisheries Experimental Station and used in this study. The bacteria were propagated on 1% Ogawa medium (Nissui, Japan) at 25°C for 2 weeks.
Challenge test
M. gordonae colonies on 1% Ogawa medium were scraped and suspended in sterile phosphate buffered saline (PBS). Bacterial suspensions were serially diluted and plated on Middlebrook 7H10 agar (Becton, Dickinson and Company, USA) supplemented with oleic albumin dextrose catalase (OADC) enrichment (Becton, Dickinson and Company) and cultured at 25°C for 2 weeks to determine colonyforming units (CFU). Ginbuna (n = 10) were intraperitoneally injected with either 2.0 × 10 7 CFU/fish of M. gordonae Y-1 or 4.0 × 10 7 CFU/ fish of M. gordonae Y-2. Each experimental group was maintained in a 30-L tank with a circulation system at 25°C. One group of ginbuna (n = 10) was injected with sterile PBS as a negative control. Cumulative External and dissected views of the dead fish (left panels) and healthy fish (right panels). The dotted circle shows a regressed swim bladder in the dead fish. Scale bars: 1 cm (upper panels) and 5 mm (lower panels). (C) Hematoxylin-eosin (upper panels) and Ziehl-Neelsen (lower panels) stains of the abdominal wall (left) and trunk kidney (right). Scale bars: 100 μm.
mortalities of the challenged fish were recorded for 170 days. Dead fish were dissected to observe their clinical signs, and the kidney was subjected to bacterial isolation on 1% Ogawa medium. Three ginbuna intraperitoneally injected with 8.0 × 10 7 CFU/fish of M. gordonae Y-1 were sampled at 49 days post-infection, fixed overnight in Davidson's fixative and processed to paraffin embedding as usual. Paraffin sections (3-μm thickness) were cut and stained with hematoxylin-eosin (HE) and Ziehl-Neelsen (ZN) stain for pathological observation.
Sampling procedure
Ginbuna intraperitoneally injected with 1.9 × 10 8 CFU/fish of M. gordonae Y-1 were anesthetized and dissected at 1, 3, 7, 14, 21 and 28 days post-infection. The trunk kidney was removed and sliced vertically. One portion of the trunk kidney was stored in RNA later (Thermo Fisher Scientific, USA) at −30°C until used. The other portion was fixed overnight in Davidson's fixative, then processed and embedded in paraffin.
Gene expression analysis
Total RNA was extracted from the trunk kidney using ISOGEN (Nippon Gene, Japan), following the manufacturer's instructions. Firststrand cDNA was synthesized with 2 μg of total RNA using Moloney murine leukemia virus (MMLV) reverse transcriptase (Thermo Fisher Scientific), following the manufacturer's instructions. Gene expression levels for CD4-1 (GenBank Accession Number: AB331216 and AB331217), CD4-2 (AB863610 and AB863611), CD8α (AB186398), GATA3 (AB302073), IFNγ1 (AB570431), IFNγ2 (AB570432), IFNγrel1 (AB570433), IFNγrel2 (AB614642), and T-bet (AB290187) were determined by quantitative RT-PCR (qRT-PCR). The primers used in this study are listed in Supplementary Table 1. The reaction mixtures containing each cDNA sample were prepared using THUNDERBIRD SYBR qPCR Mix (Toyobo, Japan), following the manufacturer's instructions. qRT-PCR was performed using a LightCycler 480 II (Roche Diagnostics, Germany), following the manufacturer's instructions. The gene expression level was calculated from a standard curve for each gene, and the EF1α level (AB491676) was used as an internal control. The gene expression values were taken as the mean values from five individuals and presented as the fold-change relative to the value of each gene 1 day after injecting PBS, which was set to 1.0. Significant differences between groups were assessed using a one-way analysis of variance and Tukey's post hoc test. P values of < 0.05 were considered statistically significant.
Histology and fluorescence immunohistochemistry
Paraffin-embedded trunk kidneys were sectioned at 3 μm, and the sections were stained with HE and ZN. Rabbit antiserum raised against the peptide of the ginbuna CD4-1 extracellular domain (NH 2 eC + VKAKERELKDHDL-COOH) and against the peptides of ginbuna IFNγ1 and IFNγ2 (NH 2 eC + LKVNLEEPEQ-COOH and NH 2 eC + LKNKERRRQT-COOH, respectively) were prepared by Eurofins Genomics (Japan). Reactivity of anti-CD4-1 and anti-IFNγ polyclonal antibodies (pAbs) to the synthesized peptides was confirmed by ELISA (Eurofins Genomics). Reactivity of anti-CD4-1 pAb against thymus cells isolated from the ginbuna OB-1 clones was also confirmed by fluorescence immunocytochemistry (Supplementary material and Supplementary Figure 1) . Reactivity of anti-IFNγ pAbs to recombinant IFNγ1 and IFNγ2 was also confirmed by western blotting (Supplementary material and Supplementary Figure 2) . Anti-Mycobacterium pAbs (GeneTex, USA) were fluorescently labeled using the Alexa Fluor 488 microscale protein labeling kit (Thermo Fisher Scientific). For fluorescence immunohistochemistry, sections were incubated with either anti-CD4-1 (1:100) or anti-IFNγ pAbs (1:100) at 4°C for 1 h, then incubated with goat anti-rabbit IgG (H + L) Alexa Fluor 546 (1:500, Thermo Fisher Scientific) as the secondary antibody. The stained sections were then incubated with the fluorescent-labeled anti-Mycobacterium pAb at 4°C for 1 h and counterstained with Hoechst 33342 (Thermo Fisher Scientific).
Digital images were captured using a Nikon OPTIPHOT light microscope (Nikon, Japan) and a Nikon ECLIPSE Ti S fluorescence microscope (Nikon). The images were analyzed using NIS Elements software (Nikon).
Results
Gross signs and histopathology in challenge test
Mortality of the infected fish began at 140 and 145 days post-infection in the M. gordonae Y-1-and Y-2-challenged groups, respectively. No mortality was observed in the PBS-injected group. Cumulative mortalities were 50% and 60% in the M. gordonae Y-1-and Y-2-challenged groups at 170 days post-infection (Fig. 1A) . The dead fish were emaciated and lacked fins (Fig. 1B, upper left) . The latter swim bladder was clearly regressed in the dead fish (Fig. 1B, lower left) compared with that in the healthy fish (Fig. 1B lower right) . M. gordonae were reisolated from the trunk kidney of all dead fish on 1% Ogawa medium. Granulomas consisted of central macrophage aggregation, and epithelioid cells surrounded them, including the abdominal wall and trunk kidney, of infected fish at 49 days post-infection (Fig. 1C upper panels) . Bacterial cells with strongly positive ZN staining were detected in the granulomas (Fig. 1C lower panels) .
Gene expression analysis
Since Mycobacterial infections induce Th1 immune responses in both mammals and fish, we analyzed gene expressions of Th1-related molecules. CD4-1 and CD8α gene expression levels were significantly upregulated in M. gordonae-infected fish at 21 and 28 days post-infection (p < 0.05), whereas the CD4-2 level was unchanged during the experiment (Fig. 2A, B and C) . Gene expression levels of IFNγ1 were significantly upregulated at 7 days post-infection (Fig. 2D , p < 0.05), and that of IFNγ2 was upregulated from 7 to 28 days post-infection in the infected fish (Fig. 2E, p < 0.05) . Although IFNγrel2 gene expression did not change significantly during the experiment, IFNγrel1 was significantly upregulated at 28 days post-infection in the infected fish ( Fig. 2F and G, p < 0.05). GATA3 gene expression levels were higher in PBS-injected fish than in the infected fish (Fig. 2H, p < 0.05) ; however, T-bet gene expression levels were significantly upregulated in the infected fish at 21 and 28 days post-infection (Fig. 2I, p < 0.05) .
Bacterial distribution and host response
Ziehl-Neelsen-positive bacteria were detected in the trunk kidneys of all experimentally infected fish (Fig. 3) . The bacteria were clustered in the interstitial tissue of the trunk kidney 1 day post-infection ( Fig. 3A) and disseminated from the clusters after 3 days post-infection (Fig. 3B-F) . Compared with the trunk kidney section at 1 day postinfection ( Fig. 4A) , massive infiltration of inflammatory cells into interstitial tissue was observed in the trunk kidney after 3 days postinfection ( Fig. 4B-F) . After 14 days post-infection, a granulomatous response consisting of central macrophage accumulation and marginal lymphocyte clustering was seen in the area corresponding to where the ZN-stained bacteria were detected (Fig. 4D-F) .
Fluorescence immunohistochemistry
Several CD4-1 + cells were detected in the interstitial tissue of the trunk kidneys of naïve ginbuna (Fig. 5A ). The number of CD4-1 + cells increased in the trunk kidneys of the infected fish (Fig. 5B) . Two cell types were positive for the anti-CD4-1 antibody in the granuloma: phagocytic cells containing Mycobacteria in the center of the granuloma and lymphocytic cells with condensed nuclei and scanty cytoplasm surrounding the phagocytic cells (Fig. 5B) . IFNγ + cells were also detected in the interstitial tissue of the trunk kidneys of naïve and infected fish (Fig. 6) . The IFNγ-producing cells surrounded the phagocytic cells containing the Mycobacteria (Fig. 6B and C) . Further, the number of IFNγ-producing cells dramatically increased in the trunk kidneys of infected fish 21 days post-infection, compared with that of naïve fish and infected fish 7 days post-infection (Fig. 6C) .
Discussion
Elucidating the immune response against mycobacteria in teleosts is highly valuable not only in fisheries science for resolving piscine mycobacteriosis, but also in medical science for understanding tuberculosis pathology (Myllymäki et al., 2016) . In this study, we performed gene expression analyses, histopathology and immunohistochemistry to understand the immune responses against M. gordonae in ginbuna crucian carp. The results strongly suggest that CD4-1 + T cells and an IFNγ homolog, IFNγ2, play important roles in the granulomatous response in ginbuna crucian carp against M. gordonae infection.
Macrophage aggregations with ZN-positive bacteria were observed from 7 to 28 days post-infection in the kidneys of infected fish. Significant upregulations of CD4-1, CD8α, IFNγ2 and T-bet genes were parallelly observed as the granulomatous response developed, and many IFNγ-expressing cells were detected in the granulomatous regions of infected fish. IFNγ secreted by CD4 + and CD8 + T cells is a key cytokine for forming granulomas against M. tuberculosis in mammals (Ottenhof et al., 2005) . IFNγ gene upregulations have been observed in infections with intracellular bacteria, such as Edwardsiella tarda infections in Japanese flounder (Takano et al., 2010) , E. tarda infections in ginbuna (Yamasaki et al., 2015) , M. marinum infections in goldfish (Hodgkinson et al., 2012) , and Mycobacterium sp. infections in Japanese flounder (Kato et al., 2010) . These results suggest that IFNγs (IFNγ1 and IFNγ2), rather than IFNγ-rels (IFNγ-rel1 and IFNγ-rel2), play important roles in the Th1 immune response against mycobacterial infection in ginbuna crucian carp. It is generally considered that the cyprinid IFNγ (IFNγ2) is more akin to the mammalian IFNγ, so it makes sense that the fish counterpart participates in the anti-mycobacterial immunity. CD4-1 gene expression levels significantly increased after 14 days post-infection, and the number of CD4-1-positive cells increased in the infected fish, with no significant upregulation of the CD4-2 gene. Yoon et al. (2015) demonstrated the presence of a CD4-1 + cell population restricted to the outer layer and surrounding the granuloma in zebrafish infected with M. marinum. These results suggest that CD4-1 positive cells take part in the granuloma formation against mycobacterial infection in teleosts. While CD4-2-positive cells might not be included in the immune response. In addition, CD4-1 fluorescence signals were observed in both lymphocytes and phagocytic cells in the paraffin sections. Takizawa et al. (2016) reported two CD4-1-positive cell types in rainbow trout using monoclonal antibodies against CD4-1: CD4-1 + T lymphocytes and CD4-1 + macrophages. These data suggest that the increased CD4-1 gene expression in the infected fish was caused by increased numbers of T cells and CD4-1-positive phagocytes infiltrating the kidney. Isogenic ginbuna have been widely used as a model fish species for infectious diseases such as edwardsiellosis (Yamasaki et al., 2015) , nocardiosis (Nayak et al., 2014) , and herpesviral hematopoietic necrosis (Nanjo et al., 2016) . CD4-1 + T cells (Toda et al., 2011) and CD8 + CTLs (Toda et al., 2009 ) have been characterized using a monoclonal antibody against each marker molecule in ginbuna. Furthermore, adoptive transfer (transplantation) of CD4-1 + cells and CD8 + cells from infected fish to naïve fish directly revealed the importance of T cells in the carp hematopoietic necrosis virus and E. tarda infections in ginbuna clonal lines (Somamoto et al., 2014; Yamasaki et al., 2014) . Here, we showed that M. gordonae koi carp isolates were pathogenic to the isogenic ginbuna (C. auratus langsdorfii) OB-1 clone and caused granuloma formation in the lymphoid organs. These results suggest that CD4-1-positive cells and IFNγ2 (an IFNγ homolog) play important roles in granulomatous responses against M. gordonae infections in ginbuna. Thus, M. gordonae infection in ginbuna should be a useful model for understanding the pathology of mycobacteriosis and host immune responses against Mycobacteria in teleosts.
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